Achieving and controlling valley splitting is a core issue for valleytronics applications. Conventionally, valley splitting was achieved by applying an external magnetic field or structural manipulation. However, this approach is less efficient. Here, we explored single layer and bilayer graphene on CrI 3 (g-CrI 3 and 2g-CrI 3 ) heterostructures to induce valley splitting. In g-CrI 3 , we found a valley splitting with the majority gap difference of Δ 1↑ − Δ 2↑ = 44 meV. Even in 2g-CrI 3 system, we also found valley splitting of Δ 1↑ − Δ 2↑ = 21 meV. Moreover, we also investigated the electric field effect on valley splitting. In both systems, we observed that valley splitting could be switched in the majority spin band. For instance, the sign of gap difference at ±K changed from Δ 1↑ > Δ 2↑ at zero field to Δ 1↑ < Δ 2↑ at a small applied electric field of 0.1 V/Å . With further increase of the electric field to 0.2 V/Å, valley splitting disappeared. Thus, we propose that a large value of valley splitting can be achieved and the sign of splitting can also be switched with electric field instead of magnetic field. This feature may be beneficial for designing of valleytronic based information process devices.
INTRODUCTION
Valleytronics is now an emerging field in the condensed matter physics and extensive research efforts have been performed to utilize the valley index for device applications. [1] [2] [3] [4] [5] Indeed, the study on the valley physics started in the late 1970s using the twodimensional (2D) electron gases in silicon inversion layers. In the beginning, the valley degeneracy and inter-valley coupling were investigated. [6] [7] [8] After the discovery of graphene, the interest in the valley physics began to grow substantially and the surge is everincreasing with the help of advanced experimental technique to fabricate various types of 2D materials. Valley appears at corners of the hexagonal Brillouin zone (namely; ±K points) as degenerated states. Indeed, the valley index can behave as a distinguishable pseudospin in momentum space due to the opposite Berry curvature and extensive studies have been focused on the valley physics for potential device application by breaking the valley degeneracy. 3, 4, 9 In the graphene system, the pair of valley coincides with massless Dirac quasiparticles centered on these two inequivalent ±K corners of the Brillouin zone and this makes graphene a prime candidate for observing the physical properties associated with quantum Hall effects. 10 Despite rich physics behind this phenomenon, the ability to control the valley pseudospin has a limitation due to the lack of intrinsic physical properties associated with valley occupancy. 11 The valley physics is closely related to the time reversal symmetry and we can differentiate the valley state by breaking the time reversal symmetry. It has been demonstrated that the valley splitting can be obtained by breaking the time reversal symmetry with an external magnetic field in monolayer MoSe 2 . 12 However, it was required to apply a huge magnetic field to split the valley state and this is impractical for device applications. It was also proposed that the spin-valley coupling could induce intrinsic valley splitting. 13, 14 On the other hand, it is possible to manipulate the valley state by making heterostructure with magnetic material. For instance, a large valley splitting in MoTe2/EuO(111) heterostructure was reported. Nonetheless, the metallic state appeared in MoTe 2 due to the interface effect and this characteristic may limit the device application. 15, 16 As an alternative approach, it will be useful to use the 2D magnetic semiconductor material. Then, the valley manipulation can be possible by proximity effect. 17, 18 Indeed, the control of valley splitting via flipping the CrI 3 magnetization through an external magnetic field is demonstrated in ultrathin ferromagnetic semiconductor CrI 3 and a monolayer WSe 2 heterostructure. 19 Recently, in graphene/BiFeO 3 heterostructures, a large spin splitting and the tuning of interfacial exchange coupling using the magnetic field were demonstrated. 20, 21 The heterostructures can also be useful for achieving controllability of valley splitting by controlling the interlayer coupling, i.e., using perpendicular electric field. The manipulation of electric field is already performed in many experimental studies and easy to control it. Nonetheless, this potential valley control via gate voltage manipulation has not been yet explored. Here, we aim to study fundamental physical properties of graphene/CrI 3 heterostructure and propose that the tuning of valley degeneracy in graphene is possible by controlling the perpendicular gate voltage. In this report, we consider two types of heterostructures; a single graphene on CrI 3 and bilayer graphene on CrI 3 . We find that a small external electric filed (~0.1 V/Å) can manipulate the magnitude of valley splitting and the sign of the gap in the majority spin band and the valley splitting is disappeared by further increasing the electric filed to 0.2 V/Å. lattice constant was 7.00 Å and this value is slightly larger than the experimental bulk value 6.867 Å. 22 Our calculation showed that the small change in the lattice constant did not have any significant effect on the electronic structure of CrI 3 . 23 From the calculated lattice constant, we realized that the ffiffi ffi 3 p ffiffi ffi 3 p CrI 3 supercell could be well matched with a 5 × 5 supercell of graphene with lattice mismatch around 1.7%. Figure 1a shows the crystal structure of a single layer graphene on CrI 3 (g-CrI 3 ). In this 2D heterostructure, several stacking geometries are possible depending on the lattice symmetries of the individual layer. However, in g-CrI 3 heterostructure, the peculiar atomic position mismatch of graphene and the CrI 3 layer rendered it impossible to find a specific staking structure with a conventional approach. Instead, many staking configurations are possible and it is rather complicated to find the most stable structure. To find the most stable configuration, we moved the CrI 3 layer along the zigzag and armchair directions with displacement interval of 0.1 Å until the equivalent of initial structure was obtained. We performed the atomic relaxation in each step. The calculated total energy difference was in the range energy from −100 to 30 µeV per computational unit cell along the zigzag movement while it was about −50 to 50 µeV along the armchair direction. We show the calculated results in Supplementary Information (SI) Fig. S1 . This negligible energy difference indicates an almost frictionless movement. The calculated binding energy was 36.8 meV per unit carbon atom and this is comparable to the values found in other vdW systems. Despite the almost negligible total energy difference in different stacking configurations, the band structure can be different from each other. Thus, we calculated the band structures and found no substantial changes. The band structure after some displacement is presented in SI Fig. S2 .
Due to the almost unchanged band structure and small energy difference in different configurations, we consider the configuration shown in Fig. 1a in the following discussion. As it is wellknown, the pristine CrI 3 layer has a semiconducting band gap and the single layer graphene is a semi-metal with a zero gap. The calculated work function of graphene is 4.21 eV and the electron affinity of CrI 3 is 4.64 eV. Consequently, the heterostructure has a typical metal-semiconductor contacted system. Nonetheless, there is no substantial charge transfer due to the vdW nature between two layers. Instead, a small charge redistribution in the space between two layers is possible. To check this, we calculated the charge density difference of a g-CrI 3 system given by
where ρ tot , ρ g and ρ CrI3 are charge densities of heterostructures (gCrI 3 ), graphene and CrI 3 . Figure 1b shows the calculated result. The yellow and cyan colors represent the charge accumulation and depletion. As shown, we observed charge redistribution at the interface and this resulted in an induced dipole moment of 0.203 e × Å. Figure 2a shows the band structure of g-CrI 3 without spinorbit coupling (SOC). Compared with the band structure of the pristine CrI 3 layer, the dipolar field contributed to dragging down the CrI 3 band while the graphene band was elevated. Figure 2b shows the magnified band structure around the Dirac point. Note that the g-CrI 3 has a broken inversion symmetry and this symmetry breaking may create a band gap. However, we found almost linear dispersion at K-point in the minority spin band (spin down band) of the graphene layer. This indicates that the band gap opening due to symmetry breaking in minority spin band is negligible. In contrast, the majority spin band (spin up) of the graphene layer was hybridized with the CrI 3 majority band and the gap appeared. In graphene/WS 2 heterostructure, it was reported that the coupling of defect state between WS 2 and graphene bands near the Fermi level could cause large SOC effect in graphene and the spin Hall effect could occur even at room temperature. 24 Thus, we will also consider the SOC effect. It is worth of noting that the g-CrI 3 heterostructure does not have an inversion symmetry and time reversal symmetry due to the ferromagnetic CrI 3 layer. Consequently, we expect the degeneracy breaking of the band at the Dirac points (±K points). Figure 2c shows the band structure after including the SOC. The shows the magnified band with projections. Here, the blue and red colors represent the graphene majority (spin up) and minority (spin down) spin characters. The linear dispersion in the minority spin band of the graphene (red line) is still unchanged. However, the majority spin band character was affected due to the spindependent interaction. As shown, the majority spin bands of the CrI 3 and the graphene were overlapped near the ±K points. Then, the majority electrons in the graphene experienced a periodic perturbative potential generated by the CrI 3 layer and this created the majority spin band splitting into a series of discrete pseudoband in the energy range 0.1~0.4 eV above the Fermi level. If we define, the Δ 1↑ and Δ 2↑ as majority spin band gaps of graphene layer at ±K-points, then the degeneracy breaking can be quantified from the gap difference Δ 1↑ − Δ 2↑. The calculated values of Δ 1↑ and Δ 2↑ are 119 and 75 meV. This means that the pseudospin states at grapheme ±K valley are no longer degenerated and we obtain a huge splitting of Δ 1↑ − Δ 2↑ = 44 meV in the majority spin states. This is due to the SOC effect in the absence of inversion and time reversal symmetry. Here, one should note that the CrI 3 band gap would strictly dependent on the choice of exchange and correlation functional. However, the previous theoretical study on g-CrI 3 system showed that the Dirac point location in conduction band of CrI 3 was insensitive to the functional. 23 In the g-CrI 3 heterostructure, the Dirac point is located above the Fermi level and the energy level can be manipulated by applying the external electric field. Besides, the charge distribution will be altered under the influence of an external electric field and this will affect the electric dipole moment. Consequently, the overall band structure and valley splitting will be modified. Thus, we explored the effect of electric field effect on these issues. Figure 3a shows the change of the dipole moment (black line), the position of Dirac point (red line) for minority spin electron, and the energy interval of CrI 3 low-lying conduction band of majority spin (blue shaded region) at K-point when the electric field was applied from graphene to CrI 3 . The band structure with the change of electric field is presented in the SI. Fig. S3 . As discussed earlier, we observed a dipole moment from the CrI 3 to the graphene layer at zero field. However, a sign change of the dipole moment with a small applied electric field appeared and this means that the direction of dipole moment is reversed. This can be understood from the charge redistribution owing to the electric field direction. As an illustration, we calculated the charge density difference by using the Eq. (1) at the electric field strength of 0.2 V/Å and Fig. 3b shows the calculated result. Besides, the Dirac point was shifted. With increasing the field strength, the Dirac point in the minority spin band lowered and located near the Fermi level while the lowlying majority spin conduction band of CrI 3 was completely separated from the Dirac point. Figure 3c shows the graphene band character around the ±K at the electric field of 0.1 eV/Å and 0.2 V/Å after the inclusion of SOC effect. At a small filed of 0.1 eV/ Å, the Δ 1↑ is 24 meV while the Δ 2↑ is 67 meV. Thus, we obtained the difference (Δ 1↑ − Δ 2↑ ) of −43 meV. At 0.2 V/Å, the majority and minority spins at Dirac point almost coincided with the Fermi level at both ±K points and the valley splitting disappeared. Figure 3d shows the schematic of change in majority spin band at ±K under the electric field. At zero field, the valley degeneracy is broken with the Δ 1↑ > Δ 2↑ while it was switched to Δ 1↑ < Δ 2↑ at a small electric field of 0.1 V/Å. With further increase of the electric field, this degeneracy vanishes. This finding suggests that we can manipulate not only the valley degeneracy breaking but also the valley splitting sign change. We also investigated the physical properties by changing the direction of the applied electric field (CrI 3 to graphene direction). The calculated results are presented We now discuss the bilayer graphene on CrI 3 (2g-CrI 3 ). Here, we consider AB type stacking in bilayer graphene. The intrinsic inversion symmetry of bilayer graphene can be broken by applying an external electric field and this will allow us to tune the band gap. Furthermore, we expect that the broken symmetry due to the field effect will be observed at two valleys (±K points). Figure 4a , b shows the band structure of 2g-CrI 3 without SOC at zero external electric field. In free standing bilayer graphene, it is well-known that the quadratic dispersion appears although the zero band gap is still preserved. In our 2g-CrI 3 heterostructure, we also find a quadratic dispersion at K-point. However, unlike the gCrI 3 , the bilayer 2g-CrI 3 had a band gap of 16 meV even in minority spin band. This band gap opening originates from the CrI 3 proximity effect. To understand this, we plot the charge density difference in Fig. 4c . In 2g-CrI 3 heterostructure, the charge inclination from graphene towards CrI 3 was enhanced compared with that in the g-CrI 3 system and we have a bit higher dipole momentp ð Þ of 0.325 e × Å. This means that we have a potential gradient across the bilayer graphene and this feature caused a band gap at Dirac point. In a recent experimental study, Shengwei et al. reported even a large band gap opening (~100 meV) of bilayer graphene sandwiched between antiferromagnetic bilayer CrI 3 and hexagonal boron nitride. This large gap can be the result of greater disorder in the graphene lattice under the experimental condition. 25 Figure 4d shows the band structure with SOC effect. In the minority spin band of the graphene layer, the degeneracy at ±K was still preserved. However, in the majority spin band, we found the degeneracy breaking at the valleys (±K) and the energy difference Δ 1↑ − Δ 2↑ was about 21 meV (Δ 1↑ = 37, Δ 2↑ = 16, Δ 1↓ = Δ 2↓ = 16 meV) although this value is smaller than that in g-CrI 3 . We now discuss the electric field effect when the electric field is applied from the graphene to CrI 3 layer. Figure 5a shows the change of the dipole moment (black line), the change of conduction band minimum (CBM) state of graphene majority spin state, valence band maximum (VBM) of graphene majority spin state, and the energy interval of CrI 3 low-lying conduction band of majority spin electrons (blue shaded region) at K-point when the electric field was applied from graphene to CrI 3 layer. With increasing the electric field, the direction of electric dipole moment was changed and the low-lying conduction band of majority spin state in the CrI 3 layer was shifted upward. Besides, the band gap of the of graphene was further enhanced. Note that the band structures under the external electric field are presented in SI. Fig. S5 . Figure 5b shows the charge density difference at the electric field strength of 0.2 V/Å. Like in the g-CrI 3 , the application of electric field enforced the charge redistribution. This feature creates a big potential difference across the bilayer graphene and results in the enhancement of the graphene band gap. Figure 5c shows the projected band structure with SOC. We obtained band gaps of Δ 1↑ = 69.6, Δ 2↑ = 81.2, Δ 1↓ = 97.8, and Δ 2↓ = 98.8 meV for each spin state at two valleys. Thus, the band gap difference Δ 1↑ − Δ 2↑ is about −12 meV for majority spin band while the gap difference Δ 1↓ − Δ 2↓ is about 1 meV in the minority spin state. It was found that the valley splitting almost vanished with further increase of electric field. Figure 5d shows the schematic of change in the band at ±K under the electric field. Similar to the g-CrI 3 case, at zero field, the valley degeneracy is broken with the Δ 1↑ > Δ 2↑ while it was switched to Δ 1↑ < Δ 2↑ at a small electric field of 0.1 V/ Å. With further increase of the electric field, this degeneracy vanishes. This finding suggests that we can manipulate not only the valley degeneracy breaking but also the valley splitting sign change. We also investigated the physical properties when the direction of applied electric field was reversed (CrI 3 to graphene direction). The calculated results are presented in SI Fig. S6 . In this case, the clear valley feature is blurred and consequently the valley degeneracy breaking is obscure.
We investigated the physical properties for the heterostructures of single and bilayer graphene on CrI 3 (g-CrI 3 and 2g-CrI 3 ). We found that the horizontal movement between planes was almost frictionless and the electronic band structure was also independent of stacking order. In g-CrI 3 system, due to the spin dependent coupling along with the absence of inversion and the time reversal symmetries, we obtained a large valley splitting with gap difference of 44 meV (Δ 1↑ − Δ 2↑ ) at Dirac point (±K) in the majority spin states. In 2g-CrI 3 case, we also observed the valley splitting in the majority spin band although the gap difference at ±K points decreased to 21 meV (Δ 1↑ − Δ 2↑ ). It was found that the valley splitting could be manipulated by an external electric field. In both g-CrI 3 and 2g-CrI 3 , the sign of valley splitting was switched from Δ 1↑ > Δ 2↑ at zero field to Δ 1↑ < Δ 2↑ under a small electric field of 0.1 V/Å. This valley splitting was switched off with further increase of electric field to 0.2 V/Å. This finding indicates that the graphene valley pseudospin and the valley splitting manipulation is possible by controlling external the electric field. Since the use of electric field to control the physical properties is easy and efficient, our result may indicate that the graphene/CrI 3 heterostructure can be utilized for potential valleytronics applications.
METHODS
We performed all the calculations using the non-collinear density functional theory (DFT) with the application of Spin Orbit Coupling (SOC) as implemented in Vienna ab-initio simulation package (VASP). [26] [27] [28] Valence electrons were treated explicitly by plane wave method and their interactions with ionic cores were described by projected augmented plane wave pseudopotentials. 29, 30 In our report, the generalized gradient approximation (GGA) was used for an exchange functional and correlation functional. 31 The plane-wave energy cut-off of 500 eV is used. The convergence criteria for energy is set to 0.001 meV. The DFT-D3 method of Grimme with Becke-Jonson damping is employed for van der Waals (vdW) corrections. 32 We imposed a vacuum region of 15 Åin the z direction for all calculations. All atomic positions relaxed until the residual forces on the atoms were smaller than 0.01 eV/Å.
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